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Abstract  
 
This paper discusses the results of a suite of tests designed to assess the structural and 
durability characteristics of hydraulic lime-pozzolan concretes. Specifically this paper 
reports on the rate of strength development, elastic modulus, linear shrinkage and rate 
of carbonation of four hydraulic-lime-pozzolan concretes. The purpose of this 
investigation was to ascertain the technical feasibility of producing high strength 
concretes using hydraulic lime and pozzolans as an alternative binder to Portland 
cement. Results have demonstrated that 28-day compressive cube strengths of 35MPa 
can be attained by water-cured lime-pozzolan concretes. These strengths make the 
material suitable for many structural applications.  
 
The results are presented alongside comparable test results for Portland-cement 
(CEMI) and blastfurnace cement (CIII/A) concretes as a point of reference. 
Similarities and differences in material characteristics are discussed in terms of 
fundamental material properties and in terms of the emergent threats and 
opportunities for the potential development of these novel concretes.   
 
Key words: Hydraulic lime concrete, pozzolan, compressive strength, curing, 
durability 
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Structural and durability properties of hydraulic lime-pozzolan concretes 
1 Introduction  
Concern about the harmful environmental impact of Portland cement (CEMI) 
manufacture on a global scale has prompted an extensive search for clinker 
replacement materials and alternative low carbon cements (LCCs) that could succeed 
the current technology in time. Global CEMI production exceeds 3.4 x 109 tonnes per 
annum [1] and is widely thought to be responsible for 5-9% of anthropogenic carbon 
dioxide (CO2) emissions [2] & [3] and 2-3% of primary energy use [4]. The 
production of CEMI is growing at a rate of 2.5% per year [2] driven by the increasing 
demand for concrete, which is acknowledged to be vital for meeting the basic needs 
of the global construction industry.  
 
With no other single technology promising to match the global availability and 
manufacturing efficiency of CEMI, a palette of prospective binder technologies are 
being developed [5]. Collectively these new technologies constitute a second 
generation of cements, which will usher in a more sustainable post-CEMI era. Amidst 
the development of radical new binder technologies there has been a resurgence of 
interest in CEMI’s predecessor - lime, which, when produced at a large enough scale 
with the same production efficiencies as CEMI can, and in the case of some modern 
production facilities does [6], demand less energy and emit less CO2 in manufacture. 
 
A recent guide on specifying sustainable concrete in the UK has recommended that to 
minimise the environmental impact of concretes, best practice is to use alumino-
silicate by-products, such as silica fume, fly-ash and ground granulated blastfurnace 
slag, in combination with Portland cement to improve aspects of performance [7]. 
These mineral by-products, amongst others, which are classified as Type II additions, 
have been shown to enhance the properties of Portland cement based concretes due to 
their pozzolanic or latent-hydraulic properties [8]. The utilisation of pozzolanic 
materials in the production of cementitious binders is far from being a new practice 
and long pre-dates the invention of Portland cement. Prior to the advent of Portland-
cement, the cementitious properties of naturally occurring pozzolanic materials were 
exploited in lime-based building materials for thousands of years.  
 
Despite a long and rich history of lime-concrete in construction, little research on the 
properties of hydraulic-lime concretes has been undertaken since the work of Smeaton 
(1724-92) and Vicat (1786-1861). The potential use of lime-concrete as an alternative 
to Portland cement concrete for structural components has been recognised, but it is 
acknowledged that ‘the science has not been developed’ [9]. Ten years after this 
knowledge gap was identified, work in this area began by considering the mechanical 
properties of concretes made by combining Natural Hydraulic Lime (NHL5), a 
building lime with a characteristic compressive strength (fck,28) ≥ 5MPa and classified 
in accordance with BS EN 459 [10], with modern Type II additions familiar in 
modern concrete technology. Specifically Velosa and Cachim [11] & [12] 
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demonstrated that hydraulic lime-pozzolan concretes attained a mean 28-day 
compressive cube strength (fcm,28) of 11 MPa with 20% of the NHL5 replaced with a 
waste residue of expanded clay production and a maximum fcm,28 of 17 MPa with 
20% of the NHL5 replaced with metakaolin, a calcined clay mineral.  
 
For lime-based concretes to be a legitimate alternative to a cement-based concretes 
they must be capable of performing the same function, for at least as long, without 
any additional increase in overall binder content or total concrete volume. Although a 
low strength material might find some limited application a mean 28-day compressive 
cube strength (fcm,28) ≥ 30MPa, comparable with that of a low-strength cement-based 
concrete, is considered a minimum performance threshold. Initiated by the desire of a 
UK architect to build a doubly-curved shell roof for an eco-house using lime-
concrete, this experimental investigation has built on the work of Velosa and Cachim 
[11] & [12] and focused on the strength and durability characteristics of a range of 
potential lime-pozzolan concretes believed to have the capability to attain 
compressive strengths suitable for modest structural applications. 
 
A preliminary investigation into the strength development of hydraulic lime mortars 
demonstrated that it is feasible to produce high-strength lime mortars, with a 
comparable 28-day compressive strength to Portland cement mortars, by combining 
lime with alumino-silicate materials, many of which are by-products of other 
industrial processes. Tests conducted at a mortar scale were a precursor to the work 
reported herein and were aimed at identifying a small number of lime-pozzolan 
blends with the potential to produce a structural grade material when scaled up to 
lime-concretes [13]. 
 
This paper reports on the mechanical properties of four hydraulic lime-pozzolan 
concretes; binary and ternary combinations of a natural hydraulic lime (NHL5), silica 
fume (SF), metakaolin (MK), ground granulated blastfurnace slag (GGBS) and fly ash 
(FA).  
2 Materials and methods 
The experimental programme comprised the production, curing and testing of four 
lime-pozzolan concretes, denoted (I)-(IV). Each binder is a binary or ternary 
combination of natural hydraulic lime (NHL5) and alumino-siliceous mineral 
additions as identified from earlier work [13].  
 
70% NHL5 with 15% FA & 15% MK  (I)  
50% NHL5 with 25% SF & 25% GGBS  (II) 
70% NHL5 with 30% SF    (III)  
50% NHL5 with 25% SF & 25% FA  (IV)  
Two reference Portland cement based concretes, a 100% Portland cement (CEM I) 
concrete and a 50% CEMI & 50% GGBS concrete (CIII/A), were tested concurrently 
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for comparison. CIII/A concretes are routinely specified in the UK and this particular 
CIII/A mix had 47% lower embodied CO2 than the CEMI, based on calculations 
described in Mason et al (2011) [14], and thus is considered an appropriate baseline 
for performance in the development of alternative LCCs.  
2.1 Materials  
The NHL5 used was manufactured in France and supplied by a specialist lime-
building merchant in the UK. The SF was obtained in the form of a slurry, with a 
SF:water ratio of 50:50 by mass, and conformed to BS EN 13263 [15]. The GGBS 
and FA conformed to BS EN 15167 [16] and BS EN 450 [17] respectively. A 
proprietary MK, from France, was also used. This specific product was found to be 
the most favourable of three alternative MKs utilised in the earlier lime-pozzolan 
mortar study. The CEMI used was 42,5N conforming to BS EN 197-1:2000 [18]. The 
major oxide composition of the materials, where this information was available from 
the manufacturers, is shown in Table 1.  
 
 
Table 1: Properties of constituent materials 
 
Although in the UK a water content of 175 litres/m3 is typically used to produce 
concrete of average consistence [19], a free water content of 240 litres/m3 was 
initially selected for the lime-pozzolan concretes due to the high surface area of the 
hydraulic lime, pozzolans and the coarse aggregate (a 10-14 mm carboniferous 
limestone). The particle size distribution (PSD) of the coarse aggregate was 
determined in accordance with BS 933-1:2012 [20] and is shown in 
NHL5 SF GGBS FA MK
Oxide analysis (% by weight)
SiO2 15.0 94.5 33.0 53.0 55.0
Al2O3 1.9 0.3 14.0 30.0 39.0
K2O + Na2O 0.3 1.3 0.8 0.7 1.0
Fe2O3 0.6 0.3 0.4 7.0 1.8
TiO2 0.2 0.0 0.0 1.5 1.5
CaO + MgO 60.0 0.8 47.0 4.0 0.6
Physical properties
BET specific surface area (m2/kg) 800 22,000 2,650 4,090 19,000
5 
Figure 1. All the aggregates were dried under ambient conditions in the laboratory for 
at least 24 hours prior to use to ensure they were consistently in a lab-dry state. The 
coarse aggregates had an absorption coefficient of 0.6%. The total water content was 
corrected accordingly, to allow the aggregate to achieve a saturated surface-dry 
condition before mixing whilst maintaining the desired effective water content. 
 
Figure 1: Particle Size Distribution [PSD] of the aggregates 
 
The fine aggregate was 50% Marlborough grit and 50% alluvial sand by mass. The 
PSD of these fine aggregates was also determined in accordance with BS 933-1:2012 
[20] and is also shown in 
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Figure 1.  
2.2 Mix design 
Each of the four lime-pozzolan concretes were prepared at three discrete water-to-
binder (w/b) ratios in order to assess the effect of the w/b ratio on the resulting 
properties of the hardened material. To account for the varying densities of the 
alumino-silicate additions, the mass of fine sand required to maintain a consistent 
volumetric yield was calculated for each concrete. The Building Research 
Establishment’s (BRE’s) mix design process for concrete [21] was used as the basis 
for proportioning aggregates. The required volume of material for each batch was 
calculated based on the total volume of all the test samples plus an additional 10% for 
losses. Details of the mix constituents are presented in 
Table 2.  
Mix description NHL5 SF GGBS FA MK PC Total binder Water 5-10mm 10-14mm
Alluvial 
sand
Marlborough 
grit
w/b Density 
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3
70% NHL5, 15% FA & 15% MK (I) 259 - - 56 56 - 371 240 465 651 273 273 0.65 2272
336 - - 72 72 - 480 274 460 644 220 220 0.57 2298
480 - - 103 103 - 686 240 430 602 148 148 0.35 2253
50% NHL5, 25% SF & 25% GGBS (II) 185 93 93 - - - 371 240 465 651 273 273 0.79 2272
240 120 120 - - - 480 316 460 644 223 223 0.65 2345
343 171 171 - - - 685 378 430 602 150 150 0.55 2395
70% NHL5 & 30% SF (III) 259 111 - - - - 370 240 465 651 268 268 0.65 2261
336 144 - - - - 480 266 460 644 213 213 0.55 2275
480 206 - - - - 686 240 430 602 138 138 0.35 2233
50% NHL5, 25% SF & 25% FA (IV) 185 93 - 93 - - 371 240 465 651 263 263 0.65 2252
240 120 - 120 - - 480 274 460 644 205 205 0.57 2268
343 171 - 171 - - 685 274 430 602 128 128 0.40 2246
CEM I - - - - - 355 355 230 405 570 178 178 0.65 1915
- - - - - 460 460 230 400 565 230 230 0.50 2115
- - - - - 660 660 230 380 530 295 295 0.35 2390
CEMIII/A - - 178 - - 178 355 230 405 570 178 178 0.65 1915
- - 230 - - 230 460 230 400 565 230 230 0.50 2115
- - 330 - - 330 660 230 380 530 295 295 0.35 2390
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Table 2: Mix constituents  
2.3 Experimental procedures 
A suite of experiments was used to assess the structural and durability characteristics 
of the hardened lime-pozzolan concretes. The concretes were prepared in a rotary pan 
mixer according to the standard procedure detailed in BS 1881-125:1986 [22] and 
then cast and cured in accordance with BS EN 12390-2:2009 [23]. All the specimens 
were covered in a sheet of polythene for 24 hours before demoulding. Curing of the 
concretes was in accordance with the standard procedures for each test.  
 
2.4 Compressive strength development 
To assess the influence of curing on compressive strength development, six 100mm 
cubes were cured in air and six in water for each concrete. Air-cured cubes were 
cured in a conditioning lab maintained at 20±0.5°C and 60-65% RH. Water-cured 
cubes were immersed in a water bath maintained at 20°C. Compressive cube strength 
(fc) was measured in accordance with BS EN 12390-3:2002 [24] at 7, 28 and 56 days.   
2.5 Modulus of Elasticity  
The static modulus of elasticity in compression (Ec) of the concretes was determined 
by testing water-cured cylinders, 150mm in diameter and 300mm in height, in 
accordance with the method described in BS1881-121:1983 [25]. For each concrete 
the Ec was determined from one cylinder, following determination of the mean 
compressive strength (fcm) of three, water-cured, 100 mm cubes from the same batch, 
in accordance with the standard. The testing was performed following 90 days of 
continuous moist curing rather than the specified 28 days.  
Mix description NHL5 SF GGBS FA MK PC Total binder Water 5-10mm 10-14mm
Alluvial 
sand
Marlborough 
grit
w/b Density 
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3
70% NHL5, 15% FA & 15% MK (I) 259 - - 56 56 - 371 240 465 651 273 273 0.65 2272
336 - - 72 72 - 480 274 460 644 220 220 0.57 2298
480 - - 103 103 - 686 240 430 602 148 148 0.35 2253
50% NHL5, 25% SF & 25% GGBS (II) 185 93 93 - - - 371 240 465 651 273 273 0.79 2272
240 120 120 - - - 480 316 460 644 223 223 0.65 2345
343 171 171 - - - 685 378 430 602 150 150 0.55 2395
70% NHL5 & 30% SF (III) 259 111 - - - - 370 240 465 651 268 268 0.65 2261
336 144 - - - - 480 266 460 644 213 213 0.55 2275
480 206 - - - - 686 240 430 602 138 138 0.35 2233
50% NHL5, 25% SF & 25% FA (IV) 185 93 - 93 - - 371 240 465 651 263 263 0.65 2252
240 120 - 120 - - 480 274 460 644 205 205 0.57 2268
343 171 - 171 - - 685 274 430 602 128 128 0.40 2246
CEM I - - - - - 355 355 230 405 570 178 178 0.65 1915
- - - - - 460 460 230 400 565 230 230 0.50 2115
- - - - - 660 660 230 380 530 295 295 0.35 2390
CEMIII/A - - 178 - - 178 355 230 405 570 178 178 0.65 1915
- - 230 - - 230 460 230 400 565 230 230 0.50 2115
- - 330 - - 330 660 230 380 530 295 295 0.35 2390
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2.6 Accelerated carbonation 
The accelerated carbonation test procedure was based on a draft EN standard [26]. 
For each concrete, one 100x100x400 mm prism was cast and de-moulded after 24 
hours.  The specimens were cured in a water bath for 14 days followed by 14 days at 
20±0.5°C and 60-65% RH. After a total of 28-days curing the top, bottom and two 
side faces of each specimen were sealed with two coats of paraffin wax, to prevent the 
ingress of gaseous CO2. The specimens were then transferred to a chamber with 
active control of the temperature and concentration of atmospheric CO2. The 
temperature was maintained at 20°C and the concentration of CO2 at 4%. The relative 
humidity of the chamber was maintained around 60% using a tray of saturated sodium 
bromide solution [27]. When analysing the results it was conservatively assumed that 
1 week in the carbonation chamber was equivalent to 1 year of exposure to the 
atmosphere, in line with the work of others [28] & [29]. At 14 day intervals a 50 mm 
slice of the specimen was sampled using a bolster and chisel. The split end of the 
remaining specimen and any damage to the paraffin wax was then immediately 
resealed and the sample returned to the chamber. 
 
The split surface of each slice was treated with a standard phenolphthalein indicator 
solution [30]. After one hour the depth of the carbonation front was measured using 
callipers. The distance between the characteristic pink stain of the indicator solution, 
and the outside edge of the exposed surface was read at ten discreet intervals along 
the edge from which an average carbonation depth was calculated.  
 
2.7 Linear shrinkage  
The linear shrinkage test was performed using a vertical comparator in accordance 
with ISO/DIS 1920-8 [31]. For each concrete one 75x75x280 mm prism was stored at 
20±0.5°C and 60-65% RH, the controlled conditions available, and the precise mass 
and length of each sample was measured and recorded at periodic intervals over a 
twenty week period. 
 
3 Results and discussion 
3.1 Compressive strength development 
Table 3 shows the fcm of water- and air-cured cubes tested at 7, 28 and 56 days. The 
CEMI-based reference concretes were only cured in water, but the fcm of the dry-
cured lime-pozzolan concretes is also presented as a percentage of the fcm of 
equivalent wet-cured concretes.  
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Table 3: Compressive strength development of hydraulic lime-pozzolan concretes 
(MPa) 
 
The maximum fcm,56 of the four lime-pozzolan concretes was 37.5 MPa; a strength 
attained by combining NHL5 (70% by mass) with SF (30% by mass) and curing the 
resulting concrete in water. The fcm,28 of the equivalent air-cured concrete was 21.5 
MPa, 40% lower. Three of the lime-concretes (II), (III) and (IV) attained a fcm,28  ≥ 30 
MPa, the minimum performance threshold identified, when cured in water but none 
achieved this fcm,28  when cured in air. This suggests that hydraulic reactions govern 
early-age strength development in lime-pozzolan concretes and that the carbonation 
of free lime in the presence of atmospheric CO2 is of lesser importance. This is a 
beneficial result in the development of a lime based materials for mass concrete 
applications.  
 
Figure 2 shows the comparative strength development of the four lime-pozzolan 
concretes prepared at the same w/b ratio (w/b = 0.65). Both air- and water-cured fcm 
results have been plotted for comparison.   
 
Age 7 28 56 7 28 56 7 28 56
Composition w/b
70% NHL5, 15% FA & 15% MK (I) 0.65 4.7 6.5 6.4 6.5 9.8 11.9 71% 66% 54%
0.57 9.6 11.2 11.4 14.0 20.5 21.7 69% 55% 52%
0.35 10.6 12.6 12.4 17.8 23.1 24.1 60% 55% 51%
50% NHL5, 25% SF & 25% GGBS (II) 0.79 4.9 7.5 7.1 7.3 19.4 22.6 67% 38% 31%
0.65 6.7 12.5 13.3 12.3 24.9 30.0 55% 50% 44%
0.55 7.7 13.4 13.5 13.5 30.5 34.3 57% 44% 39%
70% NHL5 & 30% SF (III) 0.65 6.1 12.4 12.8 10.2 25.8 29.1 60% 48% 44%
0.55 9.5 16.2 16.3 14.3 29.0 31.6 66% 56% 52%
0.35 12.7 21.5 22.8 21.4 35.7 37.5 59% 60% 61%
50% NHL5, 25% SF & 25% FA (IV) 0.65 5.8 10.5 11.0 9.8 18.5 20.6 59% 56% 53%
0.57 7.5 13.9 14.2 12.4 21.7 22.0 60% 64% 64%
0.40 11.6 21.2 21.4 17.0 31.3 32.9 68% 68% 65%
CEMI 0.65 - - - 32.0 42.0 43.0 - - -
0.50 - - - 36.0 46.0 54.0 - - -
0.35 - - - 35.0 54.0 56.0 - - -
CEMIII/A 0.65 - - - 25.0 38.0 39.0 - - -
0.50 - - - 30.0 45.0 45.0 - - -
0.35 - - - 30.0 45.0 46.0 - - -
Air-cured            
(20°C, 65% RH)
Water-cured        
(20°C, 100% RH) Air/Water (%)
10 
 
 
(a) (b) 
 
Figure 2: Strength development of (a) air- and (b) water-cured lime pozzolan 
concretes [w/b = 0.65] 
The compressive strength development of the strongest two lime-pozzolan concretes 
was almost identical for both air- and water-cured specimens, see Figure 2 (a) & (b). 
The lime-pozzolan concrete with the lowest compressive strengths incorporated 15% 
FA & 15% MK. The order of the strength of the concretes is unaffected by the curing 
regime, however the two plots clearly show that curing conditions have a substantial 
effect on the strength development of lime-pozzolan concretes. An increased 
sensitivity to curing conditions might be expected as a result of the slower hydration 
of belite and the effect of the reaction kinetics on the resultant phase assemblage and 
pore structure. It is anticipated that a slower hydration reaction would be inhibited to a 
greater extent by the evaporation of the free-water from the capillary pores in dry-
curing conditions. Certainly in CEMI concretes it has been observed that the degree 
of hydration of alite, cured in water for seven days and then cured in air, varied only 
marginally from alite cured continuously in water. Conversely, the hydration degree 
of the belite was substantially affected by the change in curing conditions [32]. 
 
Furthermore, the results show that the sensitivity of hydraulic lime-pozzolan 
concretes to sub-optimal curing conditions is affected by the inclusion of different 
alumino-silicate additions. At 28-days the lime-pozzolan concrete prepared with FA 
and MK was the least affected by dry-curing (44% reduction), whereas the lime-
pozzolan concrete prepared with SF alone was most affected (52% reduction) at a w/b 
ratio of 0.65. The observed variation in the sensitivity of the different concretes to 
different curing conditions is thought to have derived from the complex interaction of 
chemical and physical phenomena governing the early-age reaction kinetics and 
structure of the hydration products. Mineral additions have for example been shown 
effect the evolution of capillary depression and extent of self-desiccation in CEMI-
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based concretes, leading to differences in the formation of hydration products and 
mechanical performance [33] & [34]. Further research is needed to describe the 
reaction process and microstructure of lime-pozzolan concretes containing different 
mineral additions, with a view to explaining the macroscopic results presented in this 
paper.  
3.2 Strength development in comparison with CEMI concretes 
Having considered the effect of curing conditions on the strength gain of lime-
pozzolan concretes, it is valuable to compare the cube strengths attained with those of 
the two reference CEMI-concretes. Figure 2 (b) shows the strength development of 
water-cured lime-pozzolan concretes in comparison with two water-cured reference 
concretes prepared at the same w/b ratio. Figure 2 (b) clearly demonstrates that the 
compressive strength of all four of these lime-pozzolan concretes is substantially 
lower than that of the CEMI-based concretes. However the difference beween the 
strengths of these two alternative concrete-systems is shown to dimish over time. A 
number of interesting features can be observed from inspection of this Figure: 
 
• The rate of strength gain between 7 and 28 days is similar for lime-pozzolan 
concretes (II) and (III) in comparison to the reference CEMI concretes. For 
these two concretes the lower fcm,28 results can be attributed to the lower 7-day 
strengths (fcm,7).  
• The reduced compressive strength in lime-pozzolan concretes, in comparison 
to CEMI concretes, is most significant at early ages (< 7 days). This can be 
attributed to the low % of alite (C3S) in the lime-pozzolan binder (0.7%) [35].  
• In all four of the lime-pozzolan concretes the rate of strength gain between 28 
and 56 days is greater than it is in the CEMI systems, which are observed to 
plateau after 28 days. This is consistent with the slower hydration of belite 
(C2S) and the on-going pozzolanic reactions, which are accepted to continue 
after 28 days [36].  
Detailed physio-chemical analysis is needed to describe the nature and progress of 
mechanisms by which lime-pozzolan concretes develop mechanical strength. The four 
chemical reactions contributing to the strength gain of these concretes are a) 
pozzolanic reaction of the alumina-silicates with the intial free lime (calcium 
hydroxide); b) hydration of the calcium silicates (primarily belite in the hydraulic 
lime (NHL5) but also hydraulic compounds in the GGBS) producing additional 
calcium hydroxide; c) pozzolanic reaction of the alumina-silicates with the calcium 
hydroxide produced by the hydraulic reaction and d) the carbonation of remaining 
free lime with atmospheric CO2. It is recognised that the reaction kinetics is highly 
complex as the rate and extent of these reactions will depend on both the constituent 
materials present and the curing conditions. Further investigation is necessary to 
invesitagate the reaction kinetics and the impact of constituent materials and curing 
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conditions on the resultant phase assemblage, pore structure and mechanical 
performance of lime-pozzolan concretes.  
3.3 Relationship between w/b ratio and fcm,28 
The relationship between w/b ratio and fcm,28 for the four concretes indicates the 
potential for producing higher strength lime-pozzolan concretes at lower w/b ratios. 
Figure 3 shows the relationship between w/b ratio and fcm,28 for each of the four lime-
pozzolan concretes in comparison to corresponding results for the two reference 
CEMI-concretes.  
 
(a) (b) 
(c) (d) 
Figure 3: Relationship between w/b ratio and fcm,28 
 
• For fully compacted CEMI concretes compressive strength is has been shown 
to be related to w/b ratio as defined by Abrams law (see equation 1) [37].  
 
log	
ℎ = + 	× 	


              (equation 1) 
 
13 
Where	 = the mass of free water,  = the mass of cement per unit volume 
and  and   are constants. Insufficient compaction at low w/b ratios 
typically prevents this idealised relationship in practice. The results plotted in 
Figure 3 suggest a similar relationship is true for hydraulic lime-based 
concretes.  
• The parallel nature of air-cured and water-cured plots in each case suggest that 
the relationship between w/b ratio and fcm,28 is largely unaffected by the curing 
conditions.   
• In the case of concrete (I) the markedly reduced fcm,28 attained by concretes 
prepared at a w/b ratio of 0.35, are likely to have been caused by poor 
compaction, leading to an increase of air voids and thus a reduction in fcm,28 at 
low w/b ratios. Poor compaction in this specific case is attributed to the 
particularly high cohesion and poor workability of the fresh paste. This in turn 
can be attributed to secondary forces arising from the physical nature of the 
MK, which is made up of flat plate-like particles with a high-specific surface 
area (19,000m2/kg). Although this is surface area is less than that of SF 
(22,000m2/kg), the secondary forces acting between the adjacent plates are 
higher than those acting between the spherical particles of SF. An attempt to 
improve the rheology of fresh lime-pozzolan pastes using water reducing 
admixtures (WRAs) revealed that this concrete was unaffected by addition of 
a normal low dosage of WRA. Results of this investigation are beyond the 
scope of this paper. 
• The relationship between the w/b ratio and fcm,28 of lime-pozzolan concretes 
demonstrates the potential for attaining fcm,28 ≥ 40MPa by improving 
compaction at w/b ratios of 0.35.  
It is evident that suitable WRAs must be identified to improve compaction of lime-
pozzolan binders at lower w/b ratios allowing the production of higher strength 
concretes. Although the observed compressive strengths of the lime-pozzolan 
concretes tested in this programme are significantly higher than the maximum 17 
MPa reported by Velosa and Cachim [12], the strength development exhibited by the 
two CEMI-based reference concretes was substantially higher, particularly at early 
ages. The improvement in compressive strength, in comparison to the NHL5-MK 
concretes tested by Velosa and Cachim [12], is attributed to the use of mineral 
additions with a greater Pozzolanic Efficacy (PE%) [13] and production of concretes 
at a minimum w/b ratio of 0.35 as opposed to 0.45. 
 
Fcm,28 results ≥ 30MPa, attained by two of the four lime-pozzolan concretes, are 
thought to corroborate the technical feasibility of producing a structural strength 
concrete using hydraulic lime. Lime-pozzolan concretes (II) and (III), which 
incorporated 25% SF & 25% GGBS and 30% SF respectively, showed almost 
identical strength development at a w/b ratio of 0.65 and attained maximum fcm,56 
results of 37MPa and 34 MPa respectively. Analysis of the influence of w/b ratio on 
compressive strength of lime-pozzolan concrete (II), incorporating 25% SF & 25% 
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GGBS, suggests this concrete could have attained a fcm,28 ≥ 40MPa had it been 
possible to produce a compactable fresh concrete at a w/b ratio of 0.35.  
 
Further physio-chemical analysis is required to explain the efficacy of the ternary 
combination of NHL, GGBS and SF, but these empirical test results were observed to 
be consistent with the findings of the preliminary study of hydraulic lime mortars 
[13], which evidenced a complimentary effect when pozzolans are used in ternary 
combinations. In this initial study of the twenty lime-pozzolan mortars; a ternary 
combination of 25% SF & 25% GGBS was shown to result in the greatest overall 
PE%, attaining a maximum PE(%)28d of 94%. It is also consistent with the studies in 
CEMI-based concretes, which have shown a ternary combination of CEMI, SF and 
GGBS to be beneficial in the production of durable high-performance concretes [38]. 
 
The observation that lime pozzolan concrete (I), based on a ternary blend of NHL5, 
FA & MK, was consistently outperformed by the other three concretes containing SF, 
implies that SF, or an alternative source of soluble silica, such as rice husk ash [56], 
will be a key constituent of future lime-pozzolan concretes. In the preliminary lime-
pozzolan mortar study [13], on which this work built, NHL5 mortars containing 15% 
SF and 30% SF had PE(%)28d results of 78% and 92% respectively, demonstrating the 
favourable contribution of this mineral addition to compressive strength. Given that 
the dosage of SF in CEMI concretes is currently limited to a maximum of 10% [49] 
for both mechanical performance and for commercial viability, it is acknowledged 
that the high dosage of SF used in these studies may be untenable in future lime-
pozzolan concretes. In recognition of commercial and legislative constraints it is 
recommended that future studies using SF limit its use to around 10% of the total 
binder 
 
The observation that Fcm,28 ≥ 30MPa was only attained by water-cured lime-pozzolan 
concretes is however a limitation in the potential implementation of these concretes. It 
is evident that appropriate curing is essential to ensure that lime-pozzolan concretes 
attain anticipated strengths. The observed disparity between air- and water-cured fcm,28 
suggests a considerable sensitivity to curing conditions, which must inform judicious 
site practice. This sensitivity is however not overly dissimilar from the sensitivity of 
blended CEMI concretes [39] & [40] which are routinely specified for in-situ concrete 
applications.  
 
The results have highlighted that moist curing is particularly important when lime-
pozzolan concretes contain a large proportion of highly reactive pozzolanic additions. 
This observed result is consistent with studies of blended CEMI concretes [39] & 
[40]. In the case of CEMI concretes a strong relationship between the total binder 
content and the sensitivity to curing conditions has also been shown [41]; the higher 
the total amount of CEMI the greater the sensitivity of the system. On this basis it is 
reasonable to anticipate that the sensitivity of future lime-pozzolan concretes might be 
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reduced by limiting the overall binder content, which at 540kg/m3 was notably high 
for specified concretes.  
 
One might note that the water- and air-cured conditions that samples are subject to in 
the laboratory represent extreme cases and are not representative of curing onsite. In 
reality site cured concrete typically comprises larger elements subject to varying 
conditions, including surface effects such as localised wetting and drying. The 
importance of concrete sensitivity to curing conditions is thus highly dependent on the 
project application. Greater requirements for moist curing will not favour the adoption 
of lime-pozzolan concretes as it tends to increase project costs by lengthening 
construction programmes. The sensitivity of lime-pozzolan concretes to curing 
conditions is expected to be reduced by the identification and use of suitable WRAs. 
 
As with CEMI concrete, the relationship between w/b ratio and fcm,28 has a large 
impact on site practice, as the addition of mix water during placement has the 
potential to substantially reduce the concrete fcm,28. The w/b ratio of the concrete is 
not only affected by the addition of mix water, but also by the moisture condition of 
the aggregate at the point of use. For example, care must be taken when saturated 
aggregates are used in the production of concrete, with alterations to the mix design 
often necessary to prevent the additional water in the mix having an adverse effect on 
the strength development of the material. 
 
A further investigation into the effect of the curing regime on the strength 
development of lime-pozzolan concretes demonstrated that 14 days water-curing, 
followed by 14 days air-curing, produced the highest fcm,28. Neville (2011) similarly 
shows that increased compressive strengths can be achieved by moving CEMI 
concrete samples from water to air after 7, 14 or 28-days [42]. 
 
3.4 Elastic modulus 
The cylinder strength (fcyl), elastic modulus (Ec), compressive strain at the maximum 
stress (εc1) and nominal ultimate strain (εcu1) for each of the four lime-pozzolan 
concretes are shown in Table 4. 
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Table 4: Ec and compressive strain of lime-pozzolan concretes 
The Ec of these lime-pozzolan concretes was observed to vary between 7 and 21GPa.  
For concrete classes C12/15 > x ≤ C50/60 the Ec normally varies between 27-37GPa 
[43] and the strain at failure between 0.001 and 0.005 [42]. In the case of the four 
lime-pozzolan concretes the compressive strain at the maximum stress (εc1) is 
observed to vary between 0.003 and 0.006.  In Eurocode 2 (EC2) the maximum 
compressive strain of concretes of different strength classes is provided; for concrete 
classes ≤ C50/60 the highest value of εc1 assumed for ultimate limit state design is 
0.0025 [43]. All the lime-pozzolan concretes tested attained a maximum compressive 
strain greater than 0.0029 before failure. The results show that the nominal ultimate 
strain (εcu1) of the lime-pozzolan concretes varies between 0.003 and 0.008, the 
nominal ultimate strain (εcu1) for concrete class ≤ C50/60 (EC2) is 0.0035 [44]. Based 
on these test results a reduced value of εcu1 must therefore be assumed for design.  
 
Figure 4 depicts the relationship between fcyl and Ec of these lime-pozzolan concretes 
in comparison to two CEMI-based reference concretes, which are seen to correspond 
to the theoretical relationship defined in EC2 [43]. Consequently, from extrapolation 
of the results it could be suggested that lime-pozzolan concretes are less stiff than 
CEMI concretes of equivalent strength. The results are also compared with the 
empirical relationship between fcyl and Ec of CEMI concretes containing pozzolanic 
additions, over a range of densities, as proposed by Nassif et al. (2005) [45]. 
 
fcyl Ec εc1 εcu1
Composition w/b MPa GPa % %
70% NHL5, 15% FA & 15% MK (I) 0.65 18.4 7.0 0.003 0.003
0.57 16.8 9.0 0.004 0.007
0.35 22.1 21.0 0.004 0.004
50% NHL5, 25% SF & 25% GGBS (II) 0.79 19.2 7.0 0.005 0.006
0.65 20.0 13.5 0.006 0.006
0.55 28.1 12.5 0.004 0.006
70% NHL5 & 30% SF (III) 0.65 12.0 4.5 0.003 0.007
0.55 19.4 8.5 0.005 0.005
0.35 19.8 11.5 0.003 0.008
50% NHL5, 25% SF & 25% FA (IV) 0.65 15.1 14.0 0.004 0.006
0.57 20.1 20.5 0.004 0.004
0.40 22.3 14.0 0.003 0.003
CEMI 0.65 35.2 26.5 0.002 0.002
0.35 62.2 28.5 0.003 0.003
CEMIII/A 0.65 40.3 22.0 0.002 0.002
0.35 56.1 26.5 0.003 0.003
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Figure 4: Relationship between Ec and fcyl 
 
The results demonstrate that the modulus of elasticity-compressive strength equation 
in EC2 for CEMI-concretes, substantially over-estimates the Ec of lime-pozzolan 
concretes. Previous studies have shown that alumina-siliceous additions have an 
effect on the rate of increase and maximum Ec of CEMI-based concretes [45] & [46]. 
Nassif et al. (2005) propose an empirical equation Ec for the high performance 
concrete containing pozzolanic additions, based on fcyl,28 [45]:  
 
Ec = 0.036(ρc)1.5√fcyl,28      (equation 2) 
 
Where ρc = density (kg/m3) and fcyl,28 = 28-day cylinder strength 
 
Equation 2, which is plotted in Figure 5, is shown to be a reasonable predictor of the 
Ec of three of the four lime-pozzolan concretes tested, which had densities ranging 
between 2233 kg/m3 and 2395 kg/m3. The lime-pozzolan concrete containing 30% SF 
had a lower Ec and having an average density of 2256 kg/m3 is best described by the 
equation,  Ec = 0.027(ρc)1.5√fcyl.  
 
The Ec of concrete is not a determinate of structural performance at the ultimate limit 
state but rather the effective modulus (Ec,eff) is used to predict flexural cracking at the 
serviceability state [44]. The creep behaviour of lime-pozzolan concretes needs to be 
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established before this reduced Ec,eff value can be deduced. With appropriate attention 
to serviceability criteria, the Ec of lime-pozzolan concretes is unlikely to prevent their 
use in the majority of structural applications. Onerous structural applications will 
typically be precluded by compressive strength before elastic behaviour.  
3.5 Carbonation resistance 
A laboratory-based test was used to determine the rate at which the carbonation front 
moves through the material. The results give an indication of how many years the 
lime-pozzolan concrete will provide protection against carbonation-induced corrosion 
caused by de-passivation of steel reinforcing bars. The carbonation resistance of a 
concrete determines the minimum amount of cover required for design in order to 
protect the reinforcing steel from corrosion within the lifetime of the structure.  
 
In the assessment of concrete structures the rate of carbonation, or the CO2 
penetration rate, is assumed to obey a square root law (see eq. 2.1) [47]. The constant 
Kc is a property of the material and a measure of the quality of the concrete. 
 
carbonation depth, x = Kc. √time      (equation 3)  
 
Plotting the best-fit linear relationships between the average depth of the carbonation 
front and the square-root of the number of days in the accelerated carbonation 
chamber (Figure 5) clearly demonstrates that the same a square root law is valid in the 
behaviour of lime-pozzolan concretes.  
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(a) (b) 
(c) (d) 
 
Figure 5: Measured carbonation resistance 
 
The carbonation resistance of these lime-pozzolan concretes is lower than that of the 
CEMI-based concretes investigated by Dhir et al. (2001) [29]. By extrapolation of 
tests results presented by Dhir, a comparable CEMI concrete (with a carboniferous 
limestone aggregate and a water content of 240kg/m3) at a w/b 0.65, might be 
expected to carbonate around 20mm in 20 weeks at 4% CO2 exposure (where 1 week 
≈ 1 years natural exposure). The results in Figure 6 imply that these lime-pozzolan 
concretes, at a w/b ratio of 0.65, would carbonate between 30 and 60mm in the same 
period. This implies that lime-pozzolan concretes are less effective than CEMI 
concretes at protecting steel reinforcement from corrosion. 
 
In each of four lime-pozzolan concretes it can be seen that an increase in w/b ratio 
increases the rate of carbonation. This is as expected, with an increased w/b ratio 
leading to an increased porosity and thus an easier passage of gaseous CO2 through 
the hardened matrix [48]. Figure 6 shows the best-fit relationship between Kc and w/b 
ratio for the four lime-pozzolan concretes. The results evidence that the resistance of 
lime-pozzolan concretes to carbonation is proportional to the w/b ratio of the mix.  
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Figure 6: Relationship between w/b ratio and Kc 
 
Not only does the inclusion of alumina-silicate additions affect the carbonation 
resistance of the concretes prepared at a given w/b ratio, but the varying gradients of 
the best-fit linear relationship between Kc and w/b ratio (shown in Figure 6) suggests 
a variation in the sensitivity of the four lime-pozzolan concretes to changes in w/b 
ratio.  The carbonation resistance of the lime-pozzolan concrete prepared with 30% 
SF is least affected by the variation in w/b ratio at which it is prepared, whereas lime-
pozzolan concrete prepared with 25% SF and 25% FA is observed to be the most 
sensitive. Given that carbonation resistance is highly dependent on the pore structure 
of the matrix, the sensitivity of the different lime-pozzolan concretes to changes in 
w/b will be affected by the reactivity and phase assemblage of the alumino-silicates 
[49].  
 
 
Table 5: Rate of carbonation 
Composition w/b Kc
Theoretical 
years to 
carbonate 
40 mm
Theoretical 
years to 
carbonate 
50 mm
70% NHL5, 15% FA & 15% MK (I) 0.65 3.6 18 28
0.57 2.8 29 46
0.35 2.0 56 87
50% NHL5, 25% SF & 25% GGBS (II) 0.79 2.8 29 45
0.65 2.1 54 84
0.55 1.3 133 207
70% NHL5 & 30% SF (III) 0.65 2.5 36 57
0.55 2.1 52 81
0.35 1.7 80 124
50% NHL5, 25% SF & 25% FA (IV) 0.65 4.0 14 23
0.57 2.8 29 45
0.40 1.6 86 135
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Table 5 provides calculated Kc values for each of the lime-pozzolan concretes 
prepared at standard w/b ratios based on extrapolated results.  
 
Although the carbonation resistance of lime-pozzolan concretes is low in comparison 
to CEMI concretes it can be suggested from the results that a lime-pozzolan concrete 
incorporating 25% SF & 25% GGBS may be able to provide sufficient protection for 
steel reinforcement for around 130 years. Increasing the depth of cover from 40 to 50 
mm increases this to over 200 years. A previous study looking at the carbonation 
resistance of blended CEMI concretes, has shown that a ternary binder incorporating 
both SF and GGBS is highly effective in producing a dense pore structure, which 
hampers the diffusion of CO2 [30].  
 
Extrapolation of the results suggests that, at a w/b ratio of 0.35, three of the four lime-
pozzolan concretes, (II), (III) & (IV) could provide in excess of 60 years protection 
from 40mm cover. This observed result reinforces the need to identify a suitable 
WRA to facilitate production of lime-pozzolan concretes at low w/b ratios.  
 
Although lime-pozzolan concretes have been shown to provide adequate carbonation-
resistance to provide sufficient protection for carbon steel for the typical design life of 
a modern building, the durability of ancient lime-pozzolan concrete structures, raises 
a question about the appropriateness of this composite structural solution. If 
passivation of carbon steel is a critical requirement of this new concrete technology 
then it might be appropriate to terminate this line of inquiry, on the basis of the 
observed results, even at this early stage. However if non-metallic reinforcement bars 
or fibres are to be increasingly utilised, removing this particular durability 
requirement, then the rate of carbonation might rather be conceptualised as the 
carbon-dioxide capture rate. In this scenario the increased rate at which this material 
absorbs atmospheric CO2 might be deemed beneficial and could potentially be used as 
a mechanism for sequesting atmospheric CO2 and offsetting CO2 emissions associated 
with the manufacture of the binder.  
 
Alternative reinforcement options include both non-metallic reinforcement bars, such 
as glass or basalt fibre reinforced polymers [50] or bamboo [51] as well as Fibre 
Reinforced Concrete (FRC) solutions containing dispersed synthetic or natural fibres 
such as sisal, hemp and coir [52] & [53]. Stainless or galvanised steel reinforcement 
could feasibly be used in lime-pozzolan concretes, but the typical cost of these 
solutions would generally be prohibitive and their use likely to negate environmental 
benefits associated with specifying the lime-pozzolan concrete. Cathodic protection is 
another potential solution for carbon-steel reinforced lime-pozzolan concrete 
structures exposed to the environment.  
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3.6 Linear shrinkage 
This test determines the rate and extent to which a sample of lime-pozzolan concrete 
will shrink during curing at standard conditions.  
(a) (b) 
(c) (d) 
Figure 7 shows the change in the calculated shrinkage strain over time in comparison 
to equivalent measurements on reference CEMI and CIII/A concretes.  
 
(a) (b) 
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(c) (d) 
Figure 7: Linear shrinkage of lime-pozzolan concretes 
 
Although the results show that the w/b ratio of the concrete clearly affects the total 
linear shrinkage of the specimen, no clear relationship between the two properties is 
seen in the results. Typically a higher w/b ratio would be expected to result in a higher 
shrinkage strain, due to the increased potential for volumetric changes resulting from 
the evaporation of the free water during drying. However for samples prepared at low 
w/b ratios, the measured shrinkage could have been affected by on-going autogenous 
shrinkage, which in the case of CEMI-concrete is assumed to have been completed in 
the initial period of water curing. It has previously been shown that SF has a 
substantial impact on the autogenous shrinkage of high-strength CEMI concretes, 
with 15% of SF increasing autogenous shrinkage by 50% [54]. A slower hydration 
reaction leading to longer-term self-desiccation in lime-pozzolan concretes could, for 
example, have resulted in the in concrete (III) exhibiting the maximum linear 
shrinkage at the minimum w/b ratio [0.35].  
 
Figure 7 graph (II) clearly shows that the linear shrinkage of a lime-pozzolan concrete 
incorporating 25% SF and 25% GGBS is within the range of shrinkage measurements 
for the CEM 1 reference concrete [0.35-0.65] at all w/b ratios. The linear shrinkage of 
the lime-pozzolan containing 30% SF (III) was observed to be greater than that of the 
CEMI reference concretes but this was the concrete whose shrinkage was least 
affected by the variation of the w/b ratio at which it was prepared. In contrast lime-
pozzolan concrete (I), the only concrete not containing any SF, displayed a very broad 
range of shrinkage strain values. Although the shrinkage of this lime-pozzolan 
concrete was comparable with the CEMI concrete at a w/b ratio of 0.35, the shrinkage 
strain was observed to be almost twice that of the CEMI concrete when compared at a 
w/b ratio of 0.65. These observed results not only highlight the considerable 
sensitivity of lime-pozzolan concrete (IV) to changes in w/b ratio but also make a 
case for the inclusion of SF for limiting the sensitivity of lime-pozzolan concretes to 
shrinkage in applications where this is important.  
 
Comparing the results of the two reference concretes it is apparent that inclusion of 
50% GGBS is effective in reducing the linear shrinkage of CEMI-based concretes. 
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Similarly the least drying shrinkage, across all w/b ratios, was seen observed in lime-
pozzolan concrete (II), incorporating 25% SF and 25% GGBS.  
 
Further physio-chemical analysis is needed to explain the large dispersion of the 
linear shrinkage results, thought to derive from the rate, extent and nature of the 
reaction products in the case of each lime-pozzolan binder. This analysis was beyond 
the scope of this research, which was concerned with the structural properties of lime-
pozzolan concretes as indicator of their potential structural application. Relative 
differences in the linear shrinkage of the different lime-pozzolan concretes are 
discussed, with reference to the performance of comparable CEMI concretes, so as to 
comment on the appropriateness of alternative lime-pozzolan binders in future 
structural applications.  
 
The importance of limiting the ultimate drying-shrinkage of concretes is highly 
dependent on their application in use. It is the restraint provided by support 
conditions, or friction at the interface of discrete materials, which tends to constrain 
deformation and induce cracking or warping of concrete elements during drying. 
Limiting drying shrinkage is particularly crucial in the case of ground floor slabs 
where drying shrinkage can lead to curling of slabs as well as detrimental cracking. In 
many applications it is important to know the maximum shrinkage strain for design, 
for example in the case of pre-stressed concrete, where drying shrinkage acts to 
reduce pre-stressing forces.  
 
The observed drying shrinkage of the tested lime-concrete specimens was, in the vast 
majority of cases, broadly in line with that of the CEMI-based control concretes over 
a 20 week period. The ultimate strains of all the concretes tested, including the 
controls, were shown to be slightly higher than the ultimate strain of 560 microstrain, 
calculated, in accordance with CIRIA Guide C660 [55], for an equivalent Class N 
CEMI concrete stored at 20°C and 60-65%.  
 
Given the shrinkage strain plot for the lime-pozzolan concretes does not clearly 
plateau within the first 20-weeks of testing, it is clear that drying shrinkage needs to 
be monitored over a longer period before an ultimate shrinkage strain can be defined 
for design purposes. In practise incorrect detailing of lime-pozzolan concretes could 
lead to cracking or deformation over a longer period. However provided that the 
ultimate shrinkage strain is not found to be substantially higher than the 20-week 
results imply, it would be feasible to accommodate this degree of drying shrinkage in 
design.  
 
That said, the results also suggest that there are opportunities to minimise the drying 
shrinkage of lime-pozzolan concretes through the selection and combination of 
alumino-siliceous additions. The results suggest for example that SF is effective in 
minimising the sensitivity of lime-pozzolan concretes to variations in w/b ratio. This 
is clearly beneficial in practise as it mitigates the risk of high w/b ratios leading to 
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excessive shrinkage. The results of the control samples also suggest that the 
incorporation of 50% GGBS is effective in reducing the linear shrinkage of CEMI-
concretes. Similarly the high proportion of GGBS in concrete (II) could have been 
responsible for limiting shrinkage in comparison to concrete (III). The sensitivity of 
concrete (I) to changes in w/b ratio raises concerns about the suitability of this ternary 
combination of additions.  
 
From a technological perspective observed similarities in the mechanical behaviour 
and performance of lime-pozzolan and CEMI concretes engender confidence in this 
novel concrete technology, whilst differences provide opportunities for developing 
lime-pozzolan concretes with beneficial properties which would differentiate this 
future material from the current technology. Superior performance need not 
necessarily demand greater mechanical strengths. Rather enhanced performance 
might be manifested in improved compatibility with other construction materials, or 
systems, or differential properties such breathability, flexibility or the absorption of 
CO2. Additional structural characteristics that will be of interest in the development of 
lime-pozzolan concrete include tensile strength and creep. 
 
With no single cementitious binder promising to match the wide scale availability and 
universal applicability of CEMI, we might be headed towards a diversification of the 
concrete market, with a palette of new low CO2 binders appropriate to specific 
applications and geographical locations. This ‘engineered’ concrete model underpins 
high-performance concrete (HPC) technology [44], although this terminology 
increasing tends to refer to particularly high-strength concretes. 
 
4 Conclusions  
The purpose of this investigation was to ascertain the technical feasibility of 
producing a structural strength concrete using hydraulic lime as an alternative 
cementitious binder to CEMI. Fcm,28 results ≥ 30MPa, attained by two of the four 
lime-pozzolan concretes reported in this paper, are thought to corroborate the 
technical feasibility of producing a structural strength concrete using hydraulic lime. 
 
The maximum fcm,28 of the four lime-pozzolan concretes was 35.7 MPa; a strength 
attained by combining NHL5 (70% by mass) with SF (30% by mass) and curing the 
resulting concrete in water. The fcm,28 of the equivalent air-cured concrete was 21.5 
MPa, 40% lower. The sensitivity of hydraulic lime-pozzolan concretes to sub-optimal 
curing conditions was observed to be affected by the inclusion of different alumino-
silicate additions. 
 
Lower fcm,28 results in comparison to reference CEMI concretes, were seen to derive 
from lower 7-day strengths, with otherwise a similar strength gain between 7 and 28 
days. The fact that the rate of strength gain between 28 and 56 days was greater in all 
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four of the lime-pozzolan concretes than it was in the CEMI systems, suggests further 
work is needed to investigate the long term strength of lime-pozzolan concretes.  
 
Lime-pozzolan concretes have been seen to be less stiff than CEMI concretes of 
equivalent strength, with the Ec of the lime-pozzolan concretes tested observed to 
vary between 7 and 21GPa.  
 
The carbonation resistance of lime-pozzolan concretes has been observed to be low in 
comparison to CEMI concretes, across all w/b ratios. Lime-pozzolan concrete (II), 
incorporating 25% SF & 25% GGBS, has a carbonation coefficient (Kc) of 1.3-2.8, 
suggesting that 40mm of cover would provide sufficient protection for steel 
reinforcement for around 130 years. In each of four lime-pozzolan concretes it can be 
seen that an increase in w/b ratio increases the rate of carbonation. 
 
The observed drying shrinkage of the tested lime-concrete specimens was, in the vast 
majority of cases, broadly in line with that of the CEMI-based control concretes over 
a 20 week period. However, the degree of shrinkage was observed to be influenced by 
both the w/b ratio and constituent materials. The least drying shrinkage was seen 
observed in lime-pozzolan concrete (II), incorporating 25% SF and 25% GGBS, 
which was within the range of shrinkage measurements for the CEMI reference 
concrete [0.35-0.65] at all w/b ratios. With respect to shrinkage, SF was observed to 
limit the sensitivity of the lime-pozzolan concretes to changes in w/b ratio. The broad 
range of shrinkage strain values observed in the case lime-pozzolan concrete (I), the 
only lime-concrete not containing SF, questions the suitability of this ternary 
combination of additions in structural applications.  
 
Across all the tests it was seen that the production of lime-pozzolan concretes at low 
w/b ratios results in the strongest and most durable concretes. Subsequent testing will 
focus on the development of a ternary blend of NHL5, SF and GGBS, which of the 
four lime-concretes tested showed the best potential for a high-strength structural 
grade lime-concrete. Lime-pozzolan concrete (II), incorporating 25% SF and 25% 
GGBS, exhibited the greatest initial and long term strength gain, the highest strain at 
the maximum compressive strength, the greatest carbonation resistance and the least 
drying shrinkage.  
 
Where it has been possible to provide the results of comparative testing on equivalent 
CEMI-concretes, it has been seen that the lime-pozzolan concretes tested, exhibited 
only moderate strengths and tolerable durability in comparison with the reference 
CEMI-concretes. With the global cement industry exploiting considerable economies 
of scale in the supply of low cost CEMI into the market, it seems that only superior 
performance, in conjunction with reduced environmental impact, will see innovative 
cements becoming a viable alternative.  
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